A three-dimensional transient numerical model considering metal transfer process is established to analyze the effect of TIG arc on the formation of CMT cladding process.
A c c e p t e d M a n u s c r i p t
Introduction
Nickel-based alloys have been widely used in aerospace, chemical and energy industries due to their excellent resistance to corrosion and oxidation [1] . In the surface modification industry, nickel-based alloys are also utilized extensively as coating materials to improve the properties of the substrate. In the case of "cladding", the dilution of anticorrosion overlay frequently compromises the intrinsic corrosion resistance of the coating [2] . Therefore, in order to obtain better corrosion resistance, the key is to control the heat input reasonably to keep the dilution ratio in a relatively low range.
Cold metal transfer (CMT) is a modified metal inert gas (MIG) welding technique, which relies on the precise control of wire feeding for short-circuiting transfer process.
Schierl reported that the droplet detachment mode of CMT process is without the aid of the electromagnetic force, so the spatter can be decreased [3] . Pickin et al. reported that low heat input to workpiece can be realized by controlling the cycle arcing phase and the wire feed rate, and CMT technique can be used for cladding because of precise control of dilution [4] . Ola and Doern demonstrated that a low-dilution cladding for Inconel 718 superalloy can be obtained by using CMT technique [5] .
Hybrid welding technology has received significant attention in recent years. Many researchers have proposed various hybrid welding methods and analyzed the corresponding characteristics through experiments or simulations. Meng et al. found that an assistant TIG arc can stabilize the metal active gas (MAG) arc welding process and the TIG-MAG hybrid welding can achieve a high-speed welding for mild steel [6] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 Zhang et al. constructed a MIG-TIG hybrid welding method for brazing process, in which the synchronous TIG arc can establish a higher temperature field on the steel side to promote the spreadability of the liquid filler metal and optimize the wetting performance [7] . Kanemaru et al. investigated the effect of TIG arc on the stability of MIG arc through numerical simulation, and indicated that the current path generated between TIG and MIG electrodes contributes to the stability of the MIG arc [8] . Chen et al. found that a tailing TIG arc extends the length of high temperature zone in the weld pool and TIG-MIG hybrid welding has a good potential in high-speed welding based on adaptive plane and volumetric heat source models [9] . Zeng et al. developed a new coupled heat source model and found that the hybrid weld region experiences faster heating and cooling rate, which helps to produce low residual stress and welding deformation in laser-TIG hybrid welding [10] .
Owing to its low heat input and precise control of dilution, CMT technique has been used in cladding and surface repairing of various alloys. Although the low heat input of CMT process can contribute to obtaining a lower level of dilution, it will result in inferior wettability, which is detrimental to the formation of multi-passes welding. To solve this problem, Liang et al. developed a TIG-CMT hybrid welding system.
Although there is no obvious interference between TIG and CMT arc, the heat generated by the two arcs is combined in the workpiece, which affects the welding process together. They proposed that adding a TIG arc for preheating can increase the total heat input on the workpiece and improve the wettability of the molten metal [11] .
They mainly studied the preheating effect of TIG arc on the microstructure and Page 3 of 32  AUTHOR SUBMITTED MANUSCRIPT -ERX-100305.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 mechanical properties of the joints. However, the variation of temperature distribution as well as the fluid flow of the molten pool in TIG-CMT welding process, which are the decisive factors affecting the final weld formation and performance, have not been investigated.
In this study, a three-dimensional transient numerical model considering metal transfer is established, which is capable of analyzing heat transfer and fluid flow during aforementioned TIG-CMT hybrid welding in Inconel 625 cladding.
Temperature distribution, thermal cycle and velocity field are obtained. Thermal characteristics and dynamic behavior of the weld pool during hybrid welding are compared to those in single CMT welding. The effect of TIG arc on heat transfer and cladding formation is analyzed. The simulation results are also verified by comparing with the corresponding experimental ones.
Experiment
The base material was S355 steel with 200 × 50 × 10 mm 3 dimensions in the investigation. The filler metal used for the cladding was Inconel 625 with a diameter of 1.2 mm. The Fronius Advanced CMT 4000 R and Magic Wave 4000 TIG welding equipment were used for hybrid welding experiment. The schematic diagram of the experiment is shown in figure 1 . The distance between the centers of two torches was maintained at 25 mm according to the results of the preliminary experiments, which can ensure good preheating effect and the stability of welding process. There was no obvious interference between TIG and CMT arc. Pure argon was employed as shielding gas with flow rates of 10 L/min and 20 L/min for TIG and CMT, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 respectively. The CMT current was 228 A and the welding speed was 10 mm/s. Two sets of experiments were carried out, and one of which was equipped with a TIG torch with the current of 160 A. Three replications were conducted for each set. During the hybrid welding process, the arc of TIG was first to be ignited, and then CMT was ignited. In order to establish the metal transfer model, high-speed CCD camera (PHOTRON FASTCAM super 10 KC) with a frame rate of 1000 frames per second was used to obtain the images of metal transfer behavior. The cross-section of the weld joint was polished according to a standard metallographic procedure, and the macrostructure was observed by OLYMPUS optical microscope (OM), which was used to be compared with the result obtained by numerical simulation.
Mathematical model
During hybrid welding, the heat flux produced by the TIG arc preheats the substrate first, and then the heat flux produced by the CMT arc melts the filler metal and generates the weld pool. The forces applied to the weld pool include surface forces A c c e p t e d M a n u s c r i p t 6 and volume forces. The surface forces are arc pressure and surface tension, while the volume forces are electromagnetic force and buoyancy force.
Governing equations
The mathematical model is based on the following simplified assumptions:
(1) It assumes that the effect of the weld pool on the arc heat sources is negligible, so that the heat sources can be simplified to time independent boundary conditions that are translated at the welding speed.
(2) The molten metal is assumed as viscous incompressible Newtonian fluid and its flow is laminar [12] . (4) It assumes that the solid/liquid transition region is described by the mushy zone model. Inconel 625 and S355, and the surface tension between them is ignored.
(6) Since the TIG arc is mainly used for preheating, only its thermal effect on substrate is considered, and its force effect is ignored. A c c e p t e d M a n u s c r i p t 7 electrode melting during metal transfer are not modelled. The metal transfer is simplified to a pre-set mass source term.
(9) The metal vaporization is neglected because the vaporization of metal during welding process is less. And assuming that the heat loss only includes convection loss and radiation dissipation.
The following governing equations of mass, energy and momentum conservation describe the heat transfer and fluid flow in the TIG-CMT hybrid welding.
Where ρ is the density of the fluid, t is the time, ⃗ is the components of the fluid flow velocity, Sm is a source term representing the mass addition rate, h is the enthalpy, λ is the thermal conductivity coefficient, ℎ̇ is a source term representing enthalpy addition rate, P is the hydrodynamic pressure, μ is the viscosity and F is a source term representing the momentum addition rate. The source term ℎ̇ is considered as the sum of several heat sources, i.e. TIG heat source and CMT heat source, which will be described in detail in section 3.3. The source term F is equal to the volume forces applied to the weld pool.
The material properties are determined by the composition of each phase in the control body: The free surface between weld pool and air is obtained by tracing the boundary of air phase. The VOF method [13] is used to track the free surface, and the volume fraction fa(x, y, z, t) represents the proportion of air phase in the unit volume:
The force P applied to the free surface of the pool includes the arc pressure and surface tension, which can be expressed as [14] :
Where Parc is the CMT arc pressure, γT is the surface tension coefficient and κ is the curvature of the surface. The arc pressure Parc can be expressed as for a MIG arc [15]:
Where μ0 is the vacuum permeability, I is the current of arc, r is the radial distance from the arc center and σp is the radius distribution parameter for the arc pressure.
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The surface tension coefficient γT is assumed as a linear function with temperature that is given by:
Where γ is the surface tension coefficient at reference temperature, ∂γ/∂T is the temperature coefficient of surface tension and TS is the solidus temperature.
The volume forces include the electromagnetic force induced by the CMT arc and the buoyancy force. The volume forces can be given in a simple form as in the presence of a MIG arc [16]: 
Where Y-axis is perpendicular to the upper surface of the substrate, μm is the vacuum permeability, I is the current of arc, r is the radial distance from the arc center, g is the gravitational acceleration, H is the substrate thickness, σj is the current distribution parameter, ρ is the density of the liquid metal, β is the thermal expansion coefficient of the liquid metal and T0 is the ambient temperature.
In the simulation, Inconel 625 is used as the cladding material while S355 is used as the substrate. Material properties are given in table 1 and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 11 this part does not melt, it is set as a solid area by considering only the heat transfer effect. The mesh of other part for transient flow is uniform, and the mesh size is 0.25 mm. The specific boundary conditions are shown in table 2 and discussed as follows. 
Where λ is the heat transfer coefficient, ∂T/∂n is the temperature gradient in the normal direction, α is the convective heat transfer coefficient, σ is the Stefan-Boltzmann constant, ε is the surface radiation coefficient and T0 is the ambient temperature. According to reference [18], the convective heat transfer coefficient (α) of S355 is 50 W/m 2 ·K and the emissivity (ε) is 0.5.
At initialization, the upper domain ABCD-EFGH is set to air phase, while the lower one EFGH-IJKL is set to S355 phase. The X coordinate of the initial welding position Page 12 of 32 AUTHOR SUBMITTED MANUSCRIPT -ERX-100305 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 is 0.001 m. The initial temperature of the substrate is set to be the same as the ambient one. The initial velocity is zero, i.e. u=0, v=0 and w=0.
Heat source models
During the TIG-CMT hybrid welding, the TIG heat source preheats the substrate first, and then the CMT heat source and the droplet enthalpy heat the substrate with the formation of the overlay (figure 4). Since the TIG arc mainly acts as a preheating heat source leading to a shallow penetration, the TIG heat source is modeled as a Gaussian heat flux:
Where ηT is the heat efficiency, UT is the welding voltage, IT is the welding current, σH is the Gaussian distribution parameter, x0 is the initial welding position, v is the welding speed, tT is the time of TIG. The ηT, UT , IT and σH are is 0.5, 14 V, 160 A and 0.005 m, respectively.
During the CMT welding process, the CMT arc generates and heats the weld pool as well as melts the welding wire to form the droplet. Therefore, the energy of the CMT 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 arc can be divided into two parts: the heat generated by CMT heat source and the droplet enthalpy. The heat input from the CMT heat source is taken as the effective power, and the CMT heat source is modeled as a double elliptical heat flux: 
Metal transfer model
The droplet with certain energy formed by the CMT arc is deposited into the weld pool through metal transfer. In this model, the metal transfer is simulated by a pre-set mass source term. To establish the metal transfer model, the images of metal transfer behavior are obtained. As shown in figure 5 , a complete cycle of CMT waveform includes arcing phase and short-circuiting (S/C) phase. The arcing phase can be separated into peak time and base time. It is assumed that a complete metal transfer period is T. Since the droplet mainly forms during the peak period, the formation time of the droplet is set to be the peak time, which is about 1/3 T. Figure 6 is the schematic of metal transfer model. The loading region of the mass source term is a circular region with diameter D, which equals to the diameter of the welding wire.
The distance between the center of the circular region and the free surface of the weld 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 15 pool is h, which is determined by the diameter of the droplet (d). The circular region with uniformly distributed mass density is employed to describe the droplet formation, and the mass source term Sm is expressed as:
Where pr is the proportion of droplet formation time to the whole droplet transfer period, ρ is the density of filler metal, rw is the radius of filler metal and vw is the wire feeding speed.
The initial pressure of the droplet is atmospheric pressure, and its velocity is 0 due to the short-circuiting transfer mode. The initial temperature of the droplet is set to 1680 K, which indicates the droplet is in overheat state. At the beginning of each metal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 16 transfer period, the location of the free surface is traced first via the VOF method. The circular region is set above the free surface and the distance is h, then the mass source term is loaded. When the droplet contacts with the free surface of the weld pool, the mass source term is unloaded. Finally, the droplet transfers into the weld pool and the whole metal transfer period is completed.
In the study, the computational fluid dynamics software FLUENT is used to compute the mathematical model, and the subroutines written in C language are used to trace the free surface and impose boundary conditions. The simulation of heat transfer and fluid flow is performed by the Pressure-Implicit with Splitting of Operators (PISO).
The convergence criteria for continuity, velocity and energy are 0.001, 0.001 and 1e-6, respectively.
Results and discussions

Metal transfer process
The simulated dynamic evolution of metal transfer process during CMT welding is presented in figure 7 . In a metal transfer period, as mentioned before, the droplet forms gradually and transfers into the weld pool eventually. As shown in figure 7(a) , at the beginning of the period, the mass source term is loaded and the droplet begins 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 18 generated by the CMT heat source increases slightly, so the preheating of TIG heat source has no obvious effect on the dilution ratio. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t figure 11 , the CMT heat source lags behind the TIG heat source for 2.5 s to reach the same point, this is due to the distance between the two heat sources. In the first 2.5 s, the substrate is preheated by the TIG heat source. The temperature increases sharply and then begins to decrease. Just before the CMT heat source starts to heat, the temperature drops to about 550 K, then it increases rapidly. During the CMT welding process, the shape of the thermal cycle curves is similar irrespective of whether there is the TIG heat source. The maximum temperature of the substrate approximately remains the same, which is about 1750 K. However, under the effect of the preheating temperature field, the high temperature (> 1200 K) residence time becomes longer and the cooling rate decreases during hybrid welding. Figure 12 shows the temperature variation along the width direction on the upper surface of the substrate (dash lines PQ, RS and TU in figure 9 ) at 2 s after the commencement of CMT welding process. As shown in figure 12 , the temperature of hybrid welding is higher than that of the single CMT welding at the same position.
Thermal characteristics in CMT and hybrid welding
For line PQ and RS, the temperature difference at 3 mm from the center (Z=3 mm) is about 250-300 K. The preheating of the TIG heat source reduces the temperature gradient on the substrate and keeps the temperature away from the center of the pool at a higher level. This is beneficial to the spread of molten cladding material due to the slow solidification rate, which contributes to decreasing the contact angle.
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Dynamic behavior of weld pool in CMT and hybrid welding
During the CMT welding process, the droplet transfers into the weld pool and forms the overlay gradually. Figure 13 shows the comparison of free surface morphology of the overlay (Y-Z plane at X = 10 mm) at different times, and Δt represents the time interval after the CMT heat source passes through the plane. When Δt = 0 s (corresponding to 0.9 s in single CMT welding and 3.4 s in hybrid welding since the initial position of welding is X = 1 mm), the free surface width of hybrid welding is about 0.4 mm wider than that of CMT welding. After 0.2 s, with the solidification of molten cladding material, the width of the free surface basically reaches the maximum value. As the welding time goes, the height of the free surface increases, but the width remains constant. As a result, the contact angle increases. The width of hybrid welding is about 1 mm wider than that of CMT welding, which is helpful to decrease Page 21 of 32 AUTHOR SUBMITTED MANUSCRIPT -ERX-100305 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 22 the contact angle. hybrid welding. Figure 14 shows the velocity field evolution of weld pool on the symmetrical surface (surface BCKJ in figure 3 ). In hybrid welding, since the first 2.5 s is preheating stage, the time of the same number of droplet transfer is 2.5 s longer than that of single CMT welding. At 2 s (4.5 s in hybrid welding), the droplet begins to grow. After 4 ms, the droplet is formed. As shown in figure 14(a-2 and b-2), when the droplet transfers into the weld pool, the velocity near the droplet increases sharply, which makes the weld pool flow backward. During the hybrid welding process, the velocity at the back of the weld pool decreases. Preheating can reduce the cooling rate of the weld pool and reduce the temperature difference. Therefore, the force caused by temperature difference is weakened, which leads to the velocity decrease. The weld pool becomes more stable. In addition, the decrease of velocity can reduce the accumulation of metal at the end of the weld pool, which can alleviate the increase of contact angle.
Page 22 of 32 AUTHOR SUBMITTED MANUSCRIPT -ERX-100305 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 15 shows the velocity field evolution of weld pool near the upper surface of the substrate (surface EFGH in figure 3) . The curve is the boundary of weld pool in the overlay. In the front of the weld pool, the boundary is wider and the velocity is relatively high. In the back of the weld pool, with the solidification of the metal, the velocity decreases. According to the analysis of the temperature field, the cooling rate is greater during the single CMT process. Therefore, the boundary at the tail of the weld pool is narrower. As shown in figure 15(a-2 and b-2) , when the droplet transfers into the weld pool, the liquid metal flows from the center to the edge. Since the temperature gradient on the substrate decreases during hybrid welding, the spreading range of the molten cladding material becomes larger.
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Weld bead geometry
The characteristic dimensions of the weld bead are illustrated in figure 16 . The weld metal dilution ratio is calculated by equation (25) as reported by Ola and Doern [5] . Page 24 of 32 AUTHOR SUBMITTED MANUSCRIPT -ERX-100305 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 18 shows the simulated characteristic dimensions of the weld geometry. When TIG heat source is added, both width and depth of the weld increase. However, the increase in weld depth is smaller than that in width. As shown in figure 12 , with the increase of the distance from the center of the weld pool, the temperature increases more significantly. The main effect of TIG heat source is to reduce the cooling rate of Page 25 of 32 AUTHOR SUBMITTED MANUSCRIPT -ERX-100305 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 26 the substrate. Therefore, the increase of weld depth is small. However, with the increase of substrate temperature, the solidification rate of molten cladding material decreases. It can flow and spread adequately on the substrate to increase the weld width. These can be verified by the distribution of temperature field and velocity field.
The contact angle decreases from 102° to 77° due to the preheating of the TIG heat source. Ola and Doern pointed out that a contact angle less than 65° would be more convenient for the addition of successive passes during CMT cladding [5] , and the contact angle of the hybrid welding is close to 65°. Therefore, the preheating of the TIG heat source may be more beneficial to obtain better weld formation for multi-passes welding. In contrast, the dilution ratio increases slightly from ~ 2.5% to 
Conclusions
In this study, a three-dimensional transient numerical model considering metal transfer process is established to analyze the TIG-CMT hybrid welding. The effect of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 27 TIG arc on heat transfer and cladding formation is analyzed by comparing the thermal characteristics and dynamic behavior of the weld pool, respectively. It can be seen that the TIG-CMT hybrid welding seems to be advantageous compared to single CMT welding in obtaining better weld formation. The primary conclusions obtained are summarized as follows:
(1) The TIG arc plays a role in preheating the substrate. The main effect of TIG heat source is to reduce its cooling rate rather than increase the volume of weld pool on substrate.
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